ZD PDF I\ r—ICI3ERDT7 71IVHBFENTLEY,

PDF I\ —IICEENANEDEE. EEIclE. Adobe Reader E7zl& Adobe Acrobat @
IN—T 3 8 LIBD T ERZEHENSD Liﬁ'o B/ \—2 3N T T— W efeK &l
RODESGEHEAHDHIET,

- ShEHM T, HEIN PDF R
. FEEICENR
« TAVIIRER

BH/\— 30 Adobe Reader ZH1F5THEWNES

&)y LTERIIN—3 0D Adobe Reader 247 A—FTEET

BElc Adobe Reader 8 B FbNIES
ZDPDF INyT—IRADT 741V E I )y I LTRTCEET,



http://www.adobe.com/jp/products/acrobat/readstep2.html


Fig. 1

80

% / AlAjos|eg

1 60

60

o o
< AN

9, / UOISIBAUOD)

t/h





Fig. 2

80

% / AlAnos|es

60
{4
20

60

o o o

< (Q\
9, / UOISIBAUOD)

300 400 500
T/°C

200

00

1










Table I. Hydration of 1-hexyne over various halide cluster catalysts®

Entry Catalyst Conversion Selectivity (%)°
(%)° Hydration Isomerization Decomposition Other
2-Hexanone 1,2-Hexadiene Conjugated 2-Hexyne products® products
hexadienes’
1 [(NbeCl;5)Cla(H,0)4]-4H,0/SiO; 5.1 32.1 44.7 5.9 6.3 10.4 0.6
2 [(Nb6C112)C12(H20)4]'4H20/Si02f 28.1 52.7 24.3 6.4 11.3 5.2 0.1
3 (H30)2[(MocClg)Cls]-6H,0/Si0, 14.0 27.6 28.4 10.2 3.1 30.3 0.4
4 [(TasCli2)Cly(H20)4]-4H,0/S10, 2.8 24.4 43.5 9.1 5.6 16.4 1.0
5 (H30):[(WeClIg)Clg]-6H,0 (1)/S10; 16.9 70.0 19.2 3.2 3.7 3.7 0.2
6 (H;0),[(WeCls)Clg]:6H,O (1)/Si0*  31.7 61.3 18.7 6.0 8.7 4.3 1.0
7 (H;0)[(WeCls)Clg]-6H0 (1)/Si0,"  12.3 65.5 19.7 3.6 3.1 7.7 0.4
8 (H30)2[(W6C18)C16]'6H20i 1.1 20.7 16.7 13.4 2.5 39.9 6.8
9 ResCly/Si0; 2.3 0.0 13.6 14.8 4.9 64.1 2.6
10 W metal 0.6 0.0 9.8 20.1 0.0 27.1 43.0
11 SiO, 1.4 0.0 66.6 9.0 1.3 21.8 1.3
12 none 0.4 0.0 15.5 18.0 0.0 43.5 23.0

*  After treatment of catalyst (150-200 mesh, 40 mg) in a nitrogen stream (600 mL/h) at 400 °C for 1 h, reaction was initiated by
introduction of 1-hexyne (115 pL/h, 1.0 mmol/h) and water (18 pL/h, 1.0 mmol/h) at 400 °C.





Conversion = products/(products + recovered 1-hexyne) x 100 (%) based on 1-hexyne at 3 h after the reaction had commenced.
Selectivity = product/(total amount of products) x 100 (%) based on 1-hexyne at 3 h after the reaction had commenced.

1,3- and 2,4-hexadienes.

Ethylene, propene, 1-butene, 1-pentyne, etc.

1-Hexyne (1.0 mmol/h) with excess water (10.0 mmol/h) was added.

In a hydrogen stream (600 mL/h).

In a helium stream (600 mL/h).

Unsupported crushed crystalline cluster (150-200 mesh, 40 mg).

W metal (150-200 mesh, 40 mg).





Table II. Hydration of alkynes over (H30),[(WClg)Cls]-6H,O (1)/SiO*

Alkyne Conversion Selectivity (%)°

%)° Hydration Isomerization Decomposition  Other
y p

2-Ketone  3-Ketone Allenes  Conjugated  Alkynes products® products

dienes
1-Hexyne 16.9 70.0 0.0 19.2° 3.2 3.7 3.7 0.2
2-Hexyne 14.1 28.2 27.9 21.7¢ 16.0 1.5" 4.1 0.6
3-Hexyne 26.1 0.0 44.5 14.0' 36.2 1.3° 1.8 2.2
1-Heptyne 31.0 66.4 0.0 16.3° 2.0 5.3 6.8 3.2
1-Octyne 19.0 61.2 0.0 20.7° 2.1 4.5" 11.5 0.0
1-Nonyne 23.4 74.2 0.0 11.1° 2.4 2.4 9.9 0.0
Phenylacetylene 59.3 99.6 - - - - 0.0 0.4

' (H30),[(WsClg)Cly]-6H,O (1)/SiO, (150200 mesh, 40 mg) was used as catalyst, and equimolar amounts of alkyne and
water (each 1.0 mmol/h) was used. Other reaction conditions are the same as in Table I.

Conversion = products/(products + recovered alkyne) x 100 (%) based on alkyne at 3 h after the reaction had commenced.
Selectivity = product/(total amount of products) x 100 (%) based on alkyne at 3 h after the reaction had commenced.
Ethylene, propene, 1-butene, 1-pentyne, etc.

¢ 1,2-Diene.

T 2-Alkyne.

£ 1,2-Hexadiene (12.6%) and 2,3-hexadiene (9.1%).

" ]-Hexyne (0.3%) and 3-hexyne (1.2%).

! 1,2-Hexadiene (0.1%) and 2,3-hexadiene (13.9%).

2-Phenylpropene.
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ABSTRACT
When a molecular tungsten halide cluster on silica gel, (H30),[(WClg)Cls]-6H,O/S10,, was
treated in a nitrogen stream at temperatures above 250 °C, Bronsted acidity appeared as the
result of formation of a hydroxo ligand. The cluster catalyzed hydration of 1-hexyne to yield
2-hexanone. The catalytic activity increased with increasing temperature, the selectivity for
2-hexanone being 70% in the temperature range 250—400 °C. 1-Heptyne, 1-octyne, 1-nonyne,
and phenylacetylene were also preferentially hydrated to produce the corresponding ketones.
2-Hexyne provided 2- and 3-hexanones in equal amounts, as happens with Brensted acid
catalysts. Halide clusters of niobium, molybdenum, and tantalum having the same octahedral

metal framework were also active catalysts for the reaction.

KEY WORDS : Catalysis by halide cluster; tungsten chloride; hydration of alkyne to ketone;

Bronsted acid.

INTRODUCTION

Since the first report on molybdenum(II) chloride in 1859 [1], many halide clusters
have been synthesized [2—6]. These clusters have characteristic features such as multicenter
and multi-electron systems, unique intermediate oxidation state of the metal atoms, high
thermal stability, high melting point, high boiling point, and low vapor pressure. Taking all
these features into consideration, we have been studying the application of halide clusters to
catalysis. One of the specific aspects of halide cluster catalysis is Bronsted acidity [7-16]. In
the case of the tungsten chloride cluster, (H;0),[(WClg)Clg]-6H,O (1), the formation of the
Bronsted acid sites is explained as follows. When 1 is heated in a hydrogen or helium stream,
it changes to an aqua cluster [(W¢Cls)Cly(H,0):] (2) at 150 °C (Eq. (1)) and successively to a

hydroxo cluster [(WsClg)Cl3(OH)(H,0)] above 250 °C with evolution of hydrogen chloride





(Eq. (2)) [7, 16]. The hydroxo cluster exhibits Brensted acidity (Eq. (3)), which has been

confirmed by IR analysis of adsorbed pyridine [10].

(H30)2[(W4Cls)Clg]-6H,0 (1) — [(WCls)Cla(H,0).] (2) + 2HCI + 6H,O (1)
[(WClg)Cly(H20)5] (2) = [(WeClg)Cly(OH)(H,0)] + HCI )
[(WeCls)Cl3(OH)(H20)] — H' + [(W4Cls)Cl3(0)(H,0)] 3)

Hydration of alkynes is one of the simplest and most convenient ways to obtain
carbonyl compounds. This reaction has long been catalyzed by mercury(Il) sulfate in aqueous
sulfuric acid solution [17], in which the mercury(Il) ion acts as a Lewis acid [18]. This
catalyst has serious disadvantages, such as the toxicity of mercury and the requirement for
strong acidic conditions, and hence various alternative Lewis acids have been applied to the
reaction [19, 20]. Chlorides of iron [21], ruthenium [22], rhodium [23], platinum [24], and
gold [25] are reported to catalyze the reaction. CdO—CaO—P,0s [26] and zeolites such as CuX,
ZnX, and CdX [27] are used in the vapor phase reaction. Several Bronsted acids have also
been applied to the reaction: HY zeolite [28], heteropolyacids [29], p-toluenesulfonic acid
[30], trifluoromethanesulfonic acid, and trifluoromethanesulfonimide [31]. Consequently, we
have chosen to apply halide cluster catalysts possessing Bronsted acidity to the hydration of

alkynes, and the results are shown in this report.

EXPERIMENTAL

Crystals of molecular cluster complexes [(NbeCli2)Clo(H20)4]-4H,0 [32],
(H30)2[(MosCls)Cle]-6H20 [33], [(TasCli2)Cla(H20)4]-4H,0 [32], and
(H30),2[(WsClg)Cls]-6H20 (1) [34] were synthesized according to the published procedures.

The cluster Re;Cly was a commercial product (Furuya Metal Co. Ltd, Japan), and was used





without further purification. These clusters were supported on silica gel (Nippon Aerosil,
Tokyo, Aerosil 380 m*/g) at 5.0 wt% in the following manner. Silica gel (19.0 g) was added to
a methanol solution (330 mL) of the cluster (1.0 g) and allowed to stand for 1 h with
occasional shaking. Then the solvent was evaporated to dryness under vacuum at ambient
temperature. Portions of the dried silica gel were crushed and screened to 150—200 mesh. The
organic substrates used were commercial products (> 98%), and were used as received. Water
deionized with an Elix system (Elix 3, Nihon Millipore) was used. A conventional vertical
glass fixed-bed microreactor with a continuous gas flow system was operated at atmospheric
pressure [7]. The catalytic activities were evaluated using an online GLC (Shimadzu GC14B
gas chromatograph fitted with a flame ionization detector with an Apiezon Grease L on
Uniport B packed column for the reaction of phenylacetylene, and a sebaconitrile on Uniport
C packed column for the reactions of the other alkynes). The trapped reaction products were
analyzed using a GLC (GL Sciences 353B gas chromatograph fitted with a flame ionization
detector with a DB-1 capillary column or a DB-WAX capillary column) and a GC/MS
(Hewlett-Packard 5890 Series II gas chromatograph coupled with a Jeol Automass System II
with a DB-1 capillary column).

Typically, a weighed sample (40 mg) of supported tungsten cluster, 1/Si0,, was packed
in a borosilicate glass tube (6 mm i.d.) with the aid of quartz glass wool, and placed in the
center of an electric furnace. The catalyst sample was initially heated from room temperature
to 400 °C for 1 h in a nitrogen stream (600 mL/h). In 15 min, the temperature reached the set
point. The reaction was initiated by feeding 1-hexyne (115 puL/h, 1.0 mmol/h) and water (18
uL/h, 1.0 mmol/h) separately into the nitrogen stream using syringe pumps at 400 °C. The
reaction was monitored every 30 min by sampling the reaction gas (1 mL) with a six-way
valve maintained at 140 °C, followed by analysis using the on-line GLC. The reactor effluent

was frozen in a dry-ice trap for determination of material balance and subsequent analysis of





the products.

RESULTS AND DISCUSSION

The supported tungsten cluster, (H30),[(WsClg)Clg]-6H,0 (1)/Si0,, in a glass reaction
tube was initially heated at 400 °C for 1 h in a nitrogen stream, and then reaction was initiated
by introduction of an equimolar amount of 1-hexyne and water without changing the
temperature. The reaction profile is plotted in Fig. 1. The catalytic activity decreased with
time, probably because of coke deposition. We have previously reported coke formation in the
isomerization of alkynes over halide cluster catalysts [15]. Deactivation of zeolites [27] and
boric phosphate [35] in the gas—solid phase hydration of acetylene has been attributed to coke
deposition. The selectivity leveled off after a period of 3 h; hydration yielding 2-hexanone
proceeded with 70% selectivity. Halide cluster 1 effectively hydrated 1-hexyne by using an
equimolar amount of water, although excess water has been employed for efficient use of
alkynes in many reported cases [23, 26, 29]. The turnover frequency per cluster during a
period of 3-4 h was 157 (h™"), assuming that all the cluster molecules were active and
exposed to the atmosphere. The material balance was 97.1% at 2—4 h after the reaction had
started.

The effect of the reaction temperature on activity and selectivity over 1/SiO; is
presented in Fig. 2. Catalytic activity below 200 °C was quite low, and substantial catalytic
activity developed above 250 °C, at which temperature the Bronsted acidic hydroxo species
emerged in the thermal treatment of 1 [7, 16]. The selectivity for the hydration was as high as
70% at temperatures ranging from 250 to 400 °C. Above 450 °C, the hydration selectivity
decreased, while the selectivity for decomposition to gaseous products increased. In general, a
reaction that increases the number of product molecules is thermodynamically favorable at

higher temperatures.





The catalytic activity of various clusters of group 5 to 7 metals and related compounds
at 400 °C is listed in Table I. Supported 1 catalyzed effectively the hydration of 1-hexyne to
yield 2-hexanone under nitrogen, hydrogen, and helium streams (Entries 5, 6, and 7).
Mononuclear and dinuclear tungsten chlorides—WCls, WCls, (WCls),, and WClg—cannot be
used as catalysts under the reaction conditions, as they decompose or boil below 347 °C. High
thermal stability, high melting point, high boiling point, and low vapor pressure of cluster 1
[16] permitted the utilization for a solid catalyst at high temperatures. The catalytic activity of
1 predominated those of the niobium, molybdenum, and tantalum clusters (Table I, Entries 1,
3, 4, and 5). Increase in the electronegativity of a metal atom bound to a hydroxo ligand
increases its Bronsted acid strength by reducing electron density of the oxygen, and hence
facilitating the release of the hydrogen as a proton [36]. The higher catalytic activity of 1 than
the niobium, molybdenum, and tantalum clusters is attributable to the higher electronegativity
of tungsten atom than the other metal atoms.

The selectivity for hydration over the niobium, molybdenum, and tantalum clusters was
lower than over tungsten cluster 1 (Table I, Entries 1, 3, 4, and 5). On those clusters,
isomerization proceeded with moderate selectivities (28—45%). The isomerization does not
involve participation of water molecule. On the other hand, tungsten cluster 1 exhibited lower
selectivity for the isomerization, which, on the contrary, caused the higher selectivity for
hydration over 1, as a result of higher Bronsted acid strength. Increase in water ratio to alkyne
increased the selectivity for hydration (Table I, Entries 1 and 2), and supported 1 on silica gel,
which is a good adsorbent for water, exhibited higher selectivity for hydration than
unsupported 1 (Table I, Entries 5 and 8). In these cases, the catalytic activities were also
increased. The addition of water to heteropoly acid has been reported to enhance its Bronsted
acid strength [37]. On the molybdenum cluster, decomposition to gaseous products proceeded

with moderate selectivity (30%) (Table I, Entry 3). We have reported that the molybdenum





cluster exhibits a platinum-like catalytic activity: dehydrogenation of ethylbenzene to styrene
under helium and hydrogenolysis of ethylbenzene to benzene and toluene under hydrogen
[38]. The selectivity for the decomposition can be regarded as the platinum-like feature [39].
The rhenium chloride cluster, which has a triangular metal core, preferentially catalyzed
decomposition (Entry 9). This selectivity can be ascribed to the nature of rhenium, because
Re/Al,O3 [40] and ReS,/CayY [41] catalyze the decomposition of hydrocarbons.

Some alkynes were subjected to the reaction over 1/S10,, and the results are
summarized in Table II. Both aliphatic and aromatic terminal alkynes were efficiently
hydrated to the corresponding 2-ketones. Anti-Markovnikov hydration to yield aldehydes did
not proceed at all, in contrast to the exclusive production of aldehydes in the presence of
ruthenium complex catalysts, which convert alkynes to the vinylidene ligand on the
ruthenium atom [42—44]. 2-Hexyne produced 2- and 3-hexanones in equal amounts. This
equal selectivity has been reported when Bronsted acid catalysts such as sulfuric acid [45] and
acetic acid [46] are applied to the reaction. In contrast, Lewis acids such as [PtCl,(C,H4)], and
PtBr, preferentially yield 3-hexanone (inner ketone) rather than 2-hexanone (outer ketone)
[24]. Hydration of 2-hexyne by a Lewis acid is initiated by m-coordination of the alkyne bond
to the metal atom [17], followed by nucleophilic attack of water at the more hindered
3-position carbon, because the bulky metal moiety favorably binds to the less hindered
2-position carbon. Accordingly, 2-metalated 3-hexenol is preferentially produced, leading to
higher selectivity for 3-hexanone [47]. On the other hand, hydration of 2-hexyne by a
Brensted acid is initiated by protonation at the 2- and 3-position carbons unselectively,
followed by nucleophilic attack of water at the protonated carbon [48]. Accordingly, 2- and
3-hexanones are provided in equal amounts, which is the case for halide cluster 1. Thus, a
Bronsted acid site developed on the halide cluster that catalyzed hydration of aliphatic and

aromatic alkynes to yield the corresponding ketones.
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FIGURE CAPTIONS

Fig.

Fig.

1. Typical reaction profile of 1-hexyne with water over (H30),[(WsClg)Clg]-6H,O
(1)/Si03 in a nitrogen stream. Following treatment of 1/S10, (5 wt%, 40 mg) in a
nitrogen stream (600 mL/h) at 400 °C for 1 h, reaction was initiated by introduction of
I-hexyne (115 pL/h, 1.0 mmol/h) and water (18 pL/h, 1.0 mmol/h) to the nitrogen stream
at 400 °C. Conversion = products/(products + recovered 1-hexyne) x 100 (%), selectivity
= product/(total amount of products) x 100 (%) based on 1-hexyne. Conversion of
I-hexyne (closed circle), selectivity for 2-hexanone (open circle), selectivity for
1,2-hexadiene (open triangle), selectivity for 2-hexyne (open square), and selectivity for
decomposition products such as ethylene, propene, 1-butene, and 1-pentyne (open
diamond). The selectivities for 1,3-hexadiene (around 1.4%) and 2,4-hexadiene (around

1.8%) have been omitted for clarity.

2. Temperature effect on the reaction of 1-hexyne with water over
(H30),2[(W6Clg)Clg]-6H20 (1)/SiO7 in a nitrogen stream at 3 h after the reaction started.
Both initial treatment and reaction temperatures were altered concomitantly. Other
conditions are the same as in Fig. 1. Conversion = products/(products + recovered
1-hexyne) x 100 (%), selectivity = product/(total amount of products) x 100 (%) based on
I-hexyne. Conversion of 1-hexyne (closed circle), selectivity for 2-hexanone (open
circle), selectivity for 1,2-hexadiene (open triangle), selectivity for 2-hexyne (open
square), and selectivity for decomposition products such as ethylene, propene, 1-butene,
and 1-pentyne (open diamond). The selectivity for 1,3-hexadiene was 2.0% at 300 °C,
1.4% at 400 °C, and 1.9% at 500 °C. The selectivity for 2,4-hexadiene was 0.9% at

300 °C, 1.8% at 400 °C, and 3.1% at 500 °C.
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